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THE RATE-DETERMINING STEP I N  THE PRODUCTION,OF A C I D I C  MINE WASTES 

P h i l i p  C .  S i n g e r  and Werner Stumm 

Harvard U n i v e r s i t y ,  Cambridge, Massachuse t t s  

P r e v i o u s  s t u d i e s  of t h e  o x i d a t i o n  of i r o n  p y r i t e  and t h e  subsequent  

r e l e a s e  of a c i d i t y  i n t o  mine d r a i n a g e  w a t e r s  have provided no c o n c l u s i v e  

r e su l t s  i n  a s c e r t a i n i n g  which of  t h e  s t e p s  i n  t h e  o v e r a l l  r e a c t i o n  i s  r a t e -  

d e t e r m i n i n g .  Although microorganisms have f r e q u e n t l y  been i m p l i c a t e d  a s  t h e  

c a u s a t i v e  a g e n t s  i n  t h e  p r o d u c t i o n  of a c i d i c  mine d r a i n a g e ,  t h e  a c t i v i t y  o f  

t h e s e  microorganisms i n  n a t u r a l  sys tems h a s  r a r e l y  been e v a l u a t e d .  F u r t h e r -  

more, f e w  s t u d i e s  have been conducted i n  o r d e r  t o  a s s e s s  t h e  c a t a l y t i c  

i n f l u e n c e  of s e v e r a l  c h e m i c a l  a g e n t s  which are indigenous  t o  mine d r a i n a g e  

w a t e r s  and v h i c h  have been c i t e d  i n  t h e  l i t e r a t u r e ,  i n  v a r i o u s  c i rcumstances ,  

as e x h i b i t i n g  c a t a l y t i c  p r o p e r t i e s  i n  t h e  o x i d a t i o n  o f  f e r r o u s  i r o n .  T h i s  

paper  r e p r e s e n t s  a q u a n t i t a t i v e  e v a l u a t i o n  of  t h e  i n d i v i d u a l  f a c t o r s  con- 

t r o l l i n g  the  o x i d a t i o n  of i r o n  p y r i t e ;  t h e  r e l a t i v e  rates o f  t h e  v a r i o u s  

c o n s e c u t i v e  r e a c t i o n s  have been c o n s i d e r e d  i n  o r d e r  t o  e l u c i d a t e  t h e  r a t e -  

d e t e r m i n i n g  r e a c t i o n .  The  l a b o r a t o r y  r e s u l t s  are complemented by r e s u l t s  of 

a f i e l d  i n v e s t i g a t i o n  of  i r o n ( I 1 )  o x i d a t i o n  i n  n a t u r a l  mine waters. 

The mine-water s y s t e m  can  be c h a r a c t e r i z e d  by t h e  f o l l o w i n g  s t o i c h i o -  

metric r e a c t i o n s :  

FeS2(s) + 7 /2  O2 + H20 = Fe+2 + 2 S04-2 + 2 H+ 

Pe+* + 114 O2 + H+ = Fe+3 + 112 H20 

(1) 

(2) 

(3) 

(4) 

+ Fe+3 + 3 H20 = Fe(OH)3(s) + 3 H 

FeS2(s) + 14 Fe+3 + 8 H 2 0  - 2  1 5  Fe" + 2 SO4 + 1 6  H' 

The r e a c t i o n s  d e m o n s t r a t e  t h a t  t h e  d i s s o l u t i o n  o f  one mole of i r o n  p y r i t e  

l e a d s  u l t i m a t e l y  t o  t h e  r e l e a s e  of f o u r  e q u i v a l e n t s  o f  a c i d i t y :  two e q u i v a -  

l e n t s  f r o m t h e  o x i d a t i o n  of S (-11) and two from t h e  o x i d a t i o n  of Fe( I1)  and 

t h e  e n s u i n g  h y d r o l y s i s  o f  F e ( I I 1 ) .  

i r o n  p y r i t e  are r e a d i l y  a v a i l a b l e :  oxygen and i r o n ( I I 1 ) .  

2 
I t  should  be noted  t h a t  two o x i d a n t s  of  

OXYGENATION OF FERROUS IRON 
LABORATORY STUDIES 

The r a t e  o f  o x y g e n a t i o n  of f e r r o u s  i r o n  o v e r  t h e  pH-range o f  i n t e r e s t  

i n  n a t u r a l  waters is  shown in F i g u r e  1. These  resul ts  were o b t a i n e d  i n  c l e a n  

l a b o r a t o r y  sys tems and were n o t  s u b j e c t  t o  t h e  v a r i o u s  chemical  and b i o l o g i c a l  
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c o m p l e x i t i e s  imposed by n a t u r e .  In  t h e  a c i d i c  pH-region c o r r e s p o n d i n g  t o  

c o n d i t i o n s  encountered  i n  mine d r a i n a g e  w a t e r s ,  t h e  r e a c t i o n  p roceeds  r e l a -  

t , i v e l y  slowly ( t  - 1000 days)  and is independent  o f  pH. However, the compo- 

s i t i o n  o f  n a t u r a l  mine w a t e r s  i s  such t h a t  t h e  o x i d a t i o n  r e a c t i o n  may be 

a c c e l e r a t e d .  I n o r g a n i c  l i g a n d s ,  such :;A s u l f a t c  ( 2 ) .  wliich c o o r d i n a t e  wi th  

Fe (1 I )  and F e ( I I I ) ,  solub1.e meta l  i o n s ,  such a s  coppe r ( I1 )  ( 3 ) ,  aluminum, 

and m n g a n e s e ( I 1 )  ( l ) ,  suspended m a t e r i a l  w i t h  l a r g e  s u r f a c e  a r e a s  and  h igh  

a d s o r p t i v e  c a p a c i t i e s ,  such  as c l a y  p a r t i c l e s ,  materials which a c c e l e r a t e  

t h e  decomposi t ion  of p e r o x i d e s  i n  t h e  p r e s e n c e  of f e r r o u s  i r o n ,  such  as 

c h a r c o a l  (4), and microorganisms (5)  have a l l  been mentioned i n  t h e  l i t e r a -  

t u r e ,  i n  v a r i o u s  i n s t a n c e s ,  as b e i n g  c a p a b l e  o f  c a t a l y z i n g  t h e  oxygenat ion  

o f  f e r r o u s  i r o n .  Tab le  1 p r e s e n t s  a summary o f  t h e  exper i rnenta l  results of 

3 s t u d y  i n  which t h e  c a t a l y t i c  p r o p e r t i e s  of t h e  v a r i o u s  chemica l  a g e n t s  

were i n v e s t i g a t e d .  The s p e c i f i c  r e s u l t s  t hemse lves  and t h e  e x p e r i m e n t a l  

p rocedures  employed are d e s c r i b e d  e l sewhere  (6) .  It was found t h a t  t h e  d a t a  

o b t a i n e d  i n  t h e  p re sence  o f  t h e  v a r i o u s  c a t a l y s t s  s t u d i e d ,  a t  c o n s t a n t  

p a r t i a l  p r e s s u r e  o f  oxygen, c o n s t a n t  pH, and c o n s t a n t  c o n c e n t r a t i o n  o f  c a t a -  

l y s t ,  could  be s u i t a b l y  f i t t e d  by a r e l a t i o n s h i p  which i s  f i r s t - o r d e r  i n  

t h e  c o n c e n t r a t i o n  o f  f e r r o u s  i r o n :  

50 

- d [ F e ( I I ) ]  = 2.3 k" [ F e ( I I ) ]  ( 5) 
d t  

In  a d d i t i o n  t o  t h e  e f f e c t i v e  c a t a l y s t s  l i s t e d  i n  t h e  t a b l e ,  Mn(II), aluminum, 

amorphous f e r r i c  hydrox ide ,  k a o l i n i t e ,  powdered c h a r c o a l ,  and  c rushed  i r o n  

p y r i t e  were examined, b u t  no c a t a l y t i c  e f f e c t s  were observed .  The s t u d i e s  

were conducted  i n  t h e  absence  o f  t h e  microorganisms which are r e p o r t e d l y  

capab le  of a c c e l e r a t i n g  t h e  oxygena t ion  r e a c t i o n .  T a b l e  1 shows t h a t  t h e  

g r e a t e s t  i n f l u e n c e  on t h e  r a t e  of o x i d a t i o n  o f  Fe(I1) was e x e r t e d  by t h e  c l a y  

p a r t i c l e s  o r  t h e i r  i d e a l i z e d  c o u n t e r p a r t s ,  a lumina  and s i l i ca ,  b u t  a t  a r e a l  

c o n c e n t r a t i o n s  much g r e a t e r  t han  t h o s e  encoun te red  i n  most n a t u r a l  mine waters. 

FIELD STUDIES 

In  o r d e r  t o  compare t h e  expe r imen ta l  r e s u l t s  d e s c r i b i n g  t h e  k i n e t i c s  o f  

f e r r o u s  i r o n  o x i d a t i o n  i n  s y n t h e t i c  mine waters w i t h  t h e  rate o f  t h e  r e a c t i o n  

i n  n a t u r e ,  f i e l d  i n v e s t i g a t i o n s  were conducted  i n  t h e  b i tuminous  c o a l  r e g i o n  

o f  West V i r g i n i a ,  n e a r  E l k f n s .  

by t h e  FWPCA se rved  as a sou rce  o f  mine water hav ing  a h igh  c o n c e n t r a t i o n  o f  

d i s s o l v e d  f e r r o u s  i r o n .  Measurements by t h e  FUPCA had i n d i c a t e d  t h a t  t h e  

p a r t i a l  p r e s s u r e  of oxygen i n s i d e  t h e  mine had been reduced  t o  7% ( 7 ) .  

Samples of t h e  water d r a i n i n g  o u t  of t h e  a i r - s e a l e d  mine were c o l l e c t e d  and 

An underground m i n e  which had been a i r - s e a l e d  

7 



02 

Uncata lyzed  

React i o n  

- 3 . 8  

-3 .6  

- 3 . 4  

- 3 . 3  

TABLE 1. Ciiemical C a t a l y s i s  of t!le O x i d a t i o n  of F e r r o u s  Ir:>Il' 

-- 
C a t a l y s i s  by:  

cu+2 A1203 sio2 B e n t o n i t e  
-2 

10-2H so4 
2 

at 5OoC 8000 m 2 / 1  3000 m /1  10 grs/l 

-3 .1  -3.4 

-2.5 

- -2.1 

-1.8 -2.2 -2.2 

PH 

3 . 0  

3 . 5  
3 . 8  

4 . 0  

a l lowed t o  s t a n d  back i n  t h e  l a b o r a t o r y  exposed t o  tile atmosp'aere. A l i q u o t s  

were removed a t  v a r i o u s  i n t e r v a l s  and t i t r a t e d  w i t h  s t a n d a r d i z e d  s o l u t i o n s  

of per rangai ia te .  F i g u r e  2 i s  an  a r i t  t m e t i c  p l o t  of the c,iange i n  [ F e ( I I ) ]  

w i t ) )  time; c u r v e  A r e p r e s e n t s  a sample wliich w a s  a c i d i f i e d  a t  t h e  t i m e  o f  

c o l l e c t i o n ,  i n  o r d e r  to  s e r v e  a s  a c o n t r o l ;  curve  B cor responds  t o  a sample 

wnic!i was m i l l i p o r e  f i l t e r e d  (0 .k  p o r e  d iameter )  immediately a f t e r  c o l l e c -  

t i o n ;  and c u r v e s  C and D r e p r e s e n t  u n t r e a t e d  samples .  Tlie l i n e a r i t y  o f  c u r v e s  

C and D i n d i c a t e s  t h a t  t i e  o x i d a t i o n  o f  F e ( I I ) ,  i n  i t s  n a t i v e  s o l u t i o n ,  i s  

z e r o - o r d e r  i n  F e ( I 1 ) .  The z e r o - o r d e r  n a t u r e  of  t h e  o x i d a t i o i i  i s  s u g g e s t i v e  

of a b i o l o g i c a l  r e a c t i o n  i n  which t h e  s u b s t r a t e  i s  n o n - l i m i t i n g  and i n  which 

t h e  c o n c e n t r a t i o n  o f  microorganisms remains  r e l a t i v e l y  c o n s t a n t ,  i .e.,  

- d S / d t  = p B/y = c o n s t a n t  ( 6 )  Illax 

where S is  t h e  c o n c e n t r a t i o n  of  s u b s t r a t e  ( F e ( I I ) ) ,  pmX i s  t h e  maximum 

s p e c i f i c  growth ra te  o f  tlie microorganisms,  y i s  t h e  y i e l d  of  microorganisms 

p e r  u n i t  of s u b s t r a t e  u t i l i z e d ,  and B i s  tlie i n s t a n t a n e o u s  c o n c e n t r a t i o n  of 

microorganisms,  assumed h e r e  t o  be c o n s t a n t  ( 8 ) .  Curves C and D i n  F i g u r e  2 

s a t i s f y  e q u a t i o n  6 .  

S i n c e  t h e  e n e r g y  r e l e a s e d  by t h e  o x i d a t i o n  o f  Fe( I1)  i s  so small, t h e  
-3 o x i d a t i o n  of 10 M F e ( I 1 )  would n o t  be e x p e c t e d  t o  s i g n i f i c a n t l y  change t h e  

b a c t e r i a l  c o n c e n t r a t i o n  i f  a l a r g e  number o f  b a c t e r i a  were p r e s e n t  i n  t h e  

mine w a t e r ,  f . 0 . )  3 s h o u l d  remain  c o n s t a n t .  I f ,  however, t h e  b a c t e r i a l  con- 

c e n t r a t i o n  were d i m i n i s h e d ,  as  by f i l t r a t i o n  o f  t h e  mine w a t e r ,  B would be 

e x p e c t e d  t o  i n c r e a s e  l o g a r i t h m i c a l l y  as t h e  s u b s t r a t e ,  F e ( I I ) ,  i s  u t i l i z e d  

so t h a t  

- d S / d t  = mmXBoemmaXt IY (7) 

which,  a f t e r  i n t e g r a t i o n ,  g i v e s  

So - S = BoePmxt/y 
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F igure  3 sliows tile d a t a  from c u r v e  B o f  F i g u r e  2 t o  f i t  s u c h  a microb ia l  

r e l a t i o n s ~ i i p .  

ponding t o  a g e n e r a t i o n  time. of 9 .1  , :ours .  (Si lverman and LRindgren ol)served 

g e n e r a t i o n  t i m e s  of a b o u t  7 .0  h o u r s  i n  t ' l e i r  l a b o r a t o r y  s t u d i e s  of Fe ( I1 )  

o x i d a t i o n  i n  t h e  p re sence  o i  F e r r o b a c i l l u s  f e r r o o x i d a n s  ( 9 ) . )  

and B a r e  t'ie i n i t i a l  substrate and h a c t e r i a l  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  

 TI,^ s p e c i f i c  growtii r a t e  c o n s t a n t  i s  0 .07 t i  ,:rs.-', c o r r e s -  

To f u r t h e r  s u b s t a n t i a t e  b i o l o g i c a l  s i g n i f i c a n c e ,  s t e r i l e  s o l u t i o n s  of  

f e r r o u s  s u l f a t e  were i n o c u l a t e d  w i t h  a c i d  iiiine d r a i n a g e .  TWO s t e r i l e  con- 

t r o l s  were ma in ta ined :  one i n  which a s e p t i c a l l y  f i l t e r e d  mine w a t e r  (220 p~ 

pore  d i ame te r )  w a s  used as t h e  inoculum, and anot i ier  c o n t a i n i n g  s t e r i l e  

f e r r o u s  s u l f a t e  a lone .  A d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  of f e r r o u s  i r o n  was 

obse rved ,  !>ut o n l y  €or  tlie n o n - s t e r i l e  specimen. 

T h e r e f o r e ,  the o x i d a t i o n  of  f e r r o u s  i r o n  o c c u r s  niore r a p i d l y  i n  n a t u r a l  

mine wa te r  t han  i n  any of  t h e  s y n t h e t i c  s o l u t i o n s  i n v e s t i g a t e d  i n  t h e  l a b o r a -  

t o r y  s u b j e c t  t o  t h e  v a r i o u s  chemical  c a t a l y t i c  a d d i t i v e s .  The r a p i d i t y  o r  

tiie r e a c t i o n  i n  n a t u r e  i s  a p p a r e n t l y  t h e  r e s u l t  of m i c r o b i a l  c a t a l y s i s .  

OXIDATION OF IRON PYRITE 

With t h e  e x c e p t i o n  of t h e  s t u d y  by C a r r e l s  and Thompson (lo), p r e v i o u s  

i n v e s t i g a t i o n s  of  t h e  o x i d a t i o n  of i r o n  p y r i t e  have been conce rned  almost 

e n t i r e l y  wi th  oxygen as t h e  o x i d a n t .  

f e r r i c  iron as  a n  o x i d a n t  of p y r i t e  11.3s been ove r looked .  

In  x a s t  c a s e s ,  t h e  p o t e n t i a l i t y  of 

Fiv,ilre 4 she..!., t!i" d e c r e a s e  i n  F e ( I I 1 )  w i th  t i n e  i n  t h e  p r e s e n c e  o f  

v a r i o u s  c o n c e n t r a t i o n s  of i r o n  p y r i t e ,  under  a n i t r o g e n  atmosphere.  The con-  

c e n t r a t i o n  o f  p y r i t e  i s  l a r g e  compared t o  t h a t  of  F e ( I I 1 )  so t h a t  [FeS2j  re-  

mains r e l a t i v e l y  c o n s t a n t  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n .  The s t u d y  was 

conducted below pH 2 ,  where t h e  r a t e  of o x i d a t i o n  of p y r i t e  i s  independent  

of pH (10) (11). 

The r a p i d i t y  of  t h e  o x i d a t i o n  of  i r o n  p y r i t e  by Fe ( I I1 )  i s  r e a d i l y  

a p p a r e n t .  For  1 e:n/l of  p y r i t e ,  t h e  t ime recluired for t h e  r e d u c t i o n  of 50% 

o f  t h e  f e r r i c  i r o n  i s  approx ima te ly  2 5 0  minu tes ,  which i s  c o n s i d e r a b l y  less 

than  t h e  ha l f - t i : ne  Tor the o x i d a t i o n  o f  Fe ( I1 )  even when a c c e l e r a t e d  by t h e  

chemical  c a t a l y s t s  found i n  n a t u r a l  mine w a t e r s .  

Tile r a t e  of r e d u c t i o n  or  F e ( I 1 I )  by p y r i t e  i n  t h e  p r e s e n c e  of oxygen i s  

demonstrated i n  F i q u r e  5 ,  shov ing  t h a t  t h e r e  i s  v i r t u a l l y  n o  d i f f e r e n c e  between 

tlie r a t e  of  r e d u c t i o n  o f  F e ( I I 1 )  by p y r i t e ,  o r  tlie r a t e  o f  change o f  s o l u b l e  
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F e ( I I ) ,  under  a e r o b i c  and a n a e r o b i c  c o n d i t i o n s .  I n  the presence  of  0.20 atm. 

o f  oxygen,  t h e  o x i d a n t  o f  i r o n  p y r i t e  i s  fe r r ic  i r o n .  

CONCLUSIONS 

I n  a c c o r d a n c e  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d ,  t h e  f o l l o w i n g  

model i s  proposed t o  d e s c r i b e  t h e  o x i d a t i o n  of i r o n  p y r i t e  i n  n a t u r a l  mine 

waters : 
(+ 02) 

I n i t i a t i o n  R e a c t i o n :  FeS2(s).->Fe(II) + S - compound ( l o a )  

P r o p a g a t i o n  Cycle  : 

The model i s  similar t o  and c a r r i e s  w i t h  i t  t h e  same o v e r a l l  consequences as  

t h a t  s u g g e s t e d  by Temple and Delchamps (12) .  The r a t e - d e t e r m i n i n g  s t e p  i s  a 

r e a c t i v e  s t e p  i n  t h e  s p e c i f i c  o x i d a t i o n  of f e r r o u s  i r o n ,  r e a c t i o n  l o b .  As 

t h i s  i n v e s t i g a t i o n  h a s  demonst ra ted ,  t h e  rate o f  o x i d a t i o n  of Fe( I1)  under  

chemica l  c o n d i t i o n s  a n a l o g o u s  t o  t h o s e  found i n  mine waters is v e r y  s low,  

indeed  c o n s i d e r a b l y  slower t h a n  t h e  o x i d a t i o n  of i r o n  p y r i t e  by F e ( I I I ) ,  

r e a c t i o n  1Oc. 

Reac t ion  10a serves only  as an i n i t i a t o r  of t h e  o v e r a l l  r e a c t i o n :  f e r r o u s  

i r o n  may be r e l e a s e d  by s i m p l e  d i s s o c i a t i o n  of  t h e  p y r i t e ,  o r  by o x i d a t i o n  of  

t h e  p y r i t e  by oxygen. Once t h e  sequence h a s  been i n i t i a t e d ,  a c y c l e  i s  e s t a b -  

l i s h e d  i n  which f e r r i c  i r o n  r a p i d l y  o x i d i z e s  p y r i t e  and i s  s l o w l y  r e g e n e r a t e d  

t h r o u g h  t h e  o x y g e n a t i o n  o f  the r e s u l t a n t  f e r r o u s  i r o n ,  reactions 10b and c. 

Oxygen is involved  o n l y  i n d i r e c t l y  i n  t h e  r e g e n e r a t i o n  o f  F e ( I 1 I ) .  P r e c i p i -  

t a t e d  f e r r i c  hydroxide  d e p o s i t e d  i n  t h e  mine s e r v e s  

f e ( I I 1 ) ;  a s i g n i f i c a n t  s u p p l y  of  F e ( I I 1 )  is r e a d i l y  

o f  p y r i t e .  

The p e r t i n e n t  consequences  of t h e  model are as 

1.) F e r r i c  i r o n  cannot  e x i s t  f o r  long  i n  

a g g l o m e r a t e s .  

as a r e s e r v o i r  f o r  s o l u b l e  

a v a i l a b l e  as a n  o x i d a n t  

f 01 lows : 

c o n t a c t  with p y r i t i c  

2 . )  The e l i m i n a t i o n  of oxygen is i n c o n s e q u e n t i a l  w i t h  r e g a r d  t o  

t h e  s p e c i f i c  o x i d a t i o n  of i r o n  p y r i t e .  The e x c l u s i o n  of  oxygen, however, 

d o e s  p r e v e n t  t h e  r e g e n e r a t i o n  of  F e ( I I I ) ,  

3.) The o v e r a l l  ra te  of d i s s o l u t i o n  of p y r i t e  i s  independent  of  
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5 

1 

! 

I 

i t s  s u r f a c e  s t r u c t u r e ,  s i n c e  t h e  s p e c i f i c  o x i d a t i o n  of p y t i t e  i s  no t  

t h e  r a t e - l i m i t i n g  s t e p .  

4 . )  Microorganisms can be i n f l u e n t i a l  on ly  by med ia t ing  t h e  s p e c i -  

f i c  o x i d a t i o n  of  f e r r o u s  i r o n ,  s i n c e  i t ,  a l o n e ,  is  t h e  r a t e - d e t e r m i n i n g  

s t e p .  

The s o l u t i o n  t o  t h e  problem of a c i d  mine d r a i n a g e  appea r s  t o  be dependent 

upon methods of c o n t r o l l i n g  t h e  o x i d a t i o n  of f e r r o u s  i r o n .  Microorganisms,  

presumably t h e  a u t o t r o p h i c " i r o n  bacteria', ' markedly enhance t h e  r a t e  of ox ida-  

t i o n  of f e r r o u s  i r o n ,  t h u s  a c c e l e r a t i n g  t h e  o v e r a l l  r a t e  of  p y r i t e  o x i d a t i o n .  

C o n t r o l  measures must be aimed a t  h a l t i n g  t h e  c a t a l y t i c  o x i d a t i o n  of  f e r r o u s  

i r o n .  
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F i g u r e  1. Oxygenat ion ra te  of  f e r r o u s  i r o n  as a f u n c t i o n  of pH. 
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Figure 4. Reduction o f  f e r r i c  iron by iron pyri te  in the absence o€ oxygen. 
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